The Middle East respiratory syndrome coronavirus (MERS-CoV) recently spread from an animal reservoir to infect humans, causing sporadic severe and frequently fatal respiratory disease. Appropriate public health and control measures will require discovery of the zoonotic MERS coronavirus reservoirs. The relevant animal hosts are liable to be those that offer optimal MERS virus cell entry. Cell entry begins with virus spike (S) protein binding to DPP4 receptors. We constructed chimeric DPP4 receptors that have the virus-binding domains of indigenous Middle Eastern animals and assessed the activities of these receptors in supporting S protein binding and virus entry. Human, camel, and horse receptors were potent and nearly equally effective MERS virus receptors, while goat and bat receptors were considerably less effective. These patterns reflected S protein affinities for the receptors.
T he Middle East respiratory syndrome coronavirus (MERS-CoV) emerged into the human (Hu) population in April 2012 (1) . This enveloped RNA virus is acquired by respiratory spread, either from infected humans or from nonhuman animals. In individuals with underlying comorbidities such as diabetes or respiratory or renal disease, infection by this virus can cause widespread pneumonia (2, 3) , with case fatality rates of ϳ40% (4, 5) . While possible treatment options for this devastating infection may be forthcoming (6, 7) , longer-term approaches to limiting human MERS-CoV infections will come after identifying and quarantining the animal source(s) of this virus.
Bats (Bt) are implicated as virus reservoirs, as several known bat CoV genomes closely match MERS-CoV (8) (9) (10) , and bats harbor the progenitors to human severe acute respiratory syndrome (SARS)-CoV (11) . Camels are also suspected virus reservoirs, because MERS-CoV-neutralizing antibodies are prevalent in camel herds from neighboring countries as well as Egypt and the Canary Islands (12, 13) . Further, MERS-CoV RNA was detected in a camel herd in Qatar, and two individuals who became infected with the virus were in contact with these animals (14) . Notably, there may be several animal reservoirs, as phylogenetic analyses suggest that there have been multiple, geographically distinct MERS-CoV transmissions from animals to humans (15) . Indeed, given that current human-tohuman transmissibility indices are low (16) and that animals might asymptomatically and abundantly shed virus, the ani-mal-to-human transmission route may well account for the majority of MERS-CoV-infected patients.
While widespread sampling of Saudi Arabian animals will help to identify sources of the virus, a complementary strategy is to carefully assess the infection sensitivities of cells from different animal species. Several laboratories have identified MERS-CoVsusceptible cell types, which include human, bat, rabbit, and pig (17) . Thus, these animals express MERS-CoV susceptibility factors, including the MERS-CoV receptor dipeptidyl peptidase 4 (DPP4; also known as CD26) (17) and quite likely the proteases that cleave the MERS-CoV S proteins and allow them to refold into membrane fusion-active forms (18, 19) . The widespread and relatively conserved nature of these susceptibility factors likely accounts for the remarkable polytropic character of MERS-CoV.
What are not known, however, are the relative extents to which the DPP4s of each animal sensitize cells to MERS-CoV infection. Organizing animal DPP4s according to their affinity for MERS-CoV, and according to their effectiveness at supporting virus entry, will add to our understanding of animal reservoirs and virus transmission pathways. Furthermore, comparative analyses of animal DPP4s and associated host proteases will address important questions concerning MERS-CoV adaptation to a narrower range of species, including humans. Our results reveal a hierarchy in animal DPP4 abilities to sensitize cells to MERS-CoV infection and also demonstrate that the presence of a relevant host protease can potentially alter this hierarchy.
MATERIALS AND METHODS
Cells. 293␤5, 293T, and 293EBNA cells and Vero E6 cells were maintained in DMEM-10 (Dulbecco modified Eagle medium [DMEM] supplemented with 10% heat-inactivated fetal bovine serum [FBS; Atlanta Biologicals], 100 IU/ml penicillin, 1 mg/ml streptomycin, 0.1 mM nonessential amino acids, 1 mM sodium pyruvate, 10 mM HEPES, and 2 mM L-glutamine [HyClone]). 293␤5 and 293T cells were obtained from Christopher Wiethoff and Edward Campbell at Loyola University Medical Center (LUMC). Mouse (Ms) astrocytoma DBT cells were maintained in MEM-7.5 (minimal essential medium [MEM] supplemented with 7.5% FBS, 10% tryptose phosphate broth [Difco], 100 IU/ml penicillin, 1 mg/ml streptomycin, and 2 mM L-glutamine). All cell lines were propagated as adherent monolayer cultures.
Plasmids and construction of chimeric receptors. Untagged mouse (Ms) DPP4 plasmid pCMV-Kan/Neo-msDPP4 (GenBank BC022183) and C-terminal Myc/FLAG-tagged human (Hu) DPP4 plasmid pCMV6-Entry-huDPP4 (NCBI Reference Sequence NM_001935) were purchased from OriGene. pCMV-Kan/Neo-msDPP4 was PCR amplified with the following primers: AsiSI-forward (5=-TTGGCGATCGCCATGAAGACA CCGTGGAAG-3=) and NotI-reverse (5=-ATAGTTTAGCGGCCGCAGT GTAAGGAGAAGCACTGCT-3=). Subsequently, MsDPP4 was cloned into pCMV6-Entry vector between 5= AsiSI and 3= NotI sites. The MsDPP4 vector was then PCR amplified with the following primers: forward, 5=-A GTACCACGGGCTGG-3=; reverse, 5=-CTCTTCATAAACCCAGTC-3=. Synthetic DNAs encoding DPP4 blades 4 and 5 [(b4 -5)] of human (Hu), horse (Hs; NCBI Reference Sequence accession no. NC_009161.2), Dubai camel (Cm), goat (Gt; GenBank accession no. AJPT00000000), and pipistrelle bat (Bt; GenBank accession no. KC249974.1) were purchased from GenScript. The camel sequence was obtained by reverse transcription-PCR (RT-PCR) and sequencing from a Camelus dromedarius cell line (Dubca; ATCC CRL 2276). Gibson assembly techniques (20) and an In-Fusion HD cloning system (Clontech) were then used to insert the various sets of animal DPP4 blades 4 and 5 (b4 -5) into the MsDPP4 vector. The chimeric DPP4 receptors were designated human [Hu(b4 -5)], horse [Hs(b4 -5)], camel [Cm(b4 -5)], goat [Gt(b4 -5)], and bat [Bt(b4 -5)]. pCAGGS-TMPRSS2-FLAG and pCAGGS-TMPRSS2(S441A)-FLAG were previously constructed (21) . Codonoptimized MERS S containing a C9 tag was purchased from Genscript and subsequently cloned into pcDNA3.1ϩ between the EcoRI and NotI restriction sites.
Transfections. Transfections were performed with polyethylenimine (PEI; Polysciences) at a ratio of 1 g DNA:3 g PEI. DNA/PEI complexes were incubated in Opti-MEM (Life Technologies) for 15 min before they were added to plated cells in 6-well or 12-well test plates. One day posttransfection, cells were washed with 0.9% saline solution, treated with trypsin (HyClone), and then replated into 96-well test plates for later inoculation with pseudoviruses or authentic MERS-CoV.
Pseudovirus production and transduction assays. To generate vesicular stomatitis virus luciferase (VSVluc)-MERS S pseudovirus, 293T cells were transfected with pcDNA3.1-MERS-S-C9 via PEI transfection. One day posttransfection, cells were inoculated with G*⌬G-VSV-luc per the recommendations in reference 22. One day later, media were collected, clarified for 10 min at 1,000 ϫ g, labeled as VSVluc-MERS S, and stored at Ϫ80C. For transduction assays, 293␤5 or DBT cells were first transfected via PEI with the various chimeric DPP4 receptor constructs. After 24 h, cells were then transduced with VSVluc-MERS S. At 16 h after pseudovirus transduction, cells were washed with serum-free DMEM (SFM) and then lysed with 1ϫ passive lysis buffer (Promega). Luminescence was measured after addition of luciferase substrate (Promega) using a Veritas microplate luminometer (Turner BioSystems).
MERS-CoV infections. DBT cells were transfected with chimeric DPP4 cDNAs and inoculated 24 h later with MERS-CoV at 1 PFU per cell. After 1 h at 37°C, inocula were removed and cells incubated for 48 h. Supernatants were collected and infectivities determined by plaque assays on Vero 81 cells.
MERS S1-Fc production. The MERS S1 coding sequence (human codon optimized) was PCR amplified with the following primers: NotIforward (5=-CTAGCGGCCGCAGCCATGATCCATAGCGTCTTCCTC C-3=) and ClaI-reverse (5=-ATCGATATACTTACCTGTGGGGGTCAGA GTGGAGGGGGT-3=). The resulting S1-encoding fragment was then recombined via Gibson assembly techniques with a vector fragment that was PCR amplified from pCEP4-sMHVR-Ig (23) using the following primers: ClaI-forward (5=-ACCCCCTCCACTCTGACCCCCACAGGTA AGTATATCGAT-3=) and NotI-reverse (5=-GGAGGAAGACGCTATGG ATCATGGCTGCGGCCGCTAG-3=).
The resulting plasmid, designated pCEP4-MERS-S1-Fc, was transfected using PEI into 293 EBNA cells, which contain the Epstein-Barr virus (EBV) EBNA-1 protein necessary for stable maintenance of transfected pCEP4 plasmid DNAs. After 36 h, cells were washed with prewarmed SFM and incubated in SFM for ϳ16 h. Conditioned media were collected, and cells were returned to DMEM-10 for ϳ8 h and then placed back with SFM for a subsequent round of S1-Fc secretion and collection. Pooled collections of S1-Fc-containing SFM were concentrated ϳ100fold using Centricon-30 centrifugation devices (Millipore). Quantifications of MERS S1-Fc protein yields were determined by comparisons with serial dilutions of human IgG standards on Western immunoblots, with band intensities quantified by charge-coupled-device (CCD) Alphaview instrumentation and software (Protein Simple).
MERS S1-Fc blocking assay. DBT cells were transfected with the various chimeric DPP4 receptor constructs in 12-well cell culture plates at a seeding density of 3.8 ϫ 10 5 cells/well. One day posttransfection, cells were trypsinized and replated in 96-well plates. MERS S1-Fc was added at indicated concentrations and incubated at 37°C for 1 h, followed by addition of VSVluc-MERS S pseudoviruses. At 16 h postransduction, cells were lysed with 1ϫ passive lysis buffer (Promega) and luminescence was measured as described above.
Flow cytometry. DBT cells were transfected with the various chimeric DPP4 receptor constructs, at 1 g DNA per 10 6 cells. One day later, cells were detached from plates using Accutase (Millipore), suspended, and washed in phosphate-buffered saline (PBS)-2% FBS. Cells were incubated with rabbit anti-FLAG antibody (1:500) (Sigma F7425) or MERS S1-Fc (ϳ50 nM) for 1 h on ice, followed by either Alexa Fluor 488 goat anti-rabbit IgG (Lifetech) (1:1,000) or Dylight549 goat anti-human IgG (Pierce) (1:1,000) for 1 h on ice. Cells were analyzed using an LSR Fortessa (BD Biosciences). Data were analyzed using FlowJo software.
TMPRSS2 titration and transduction. DBT cells were PEI transfected in 12-well test plates with Ms DPP4, Hu(b4 -5), or Bt(b4 -5) with an increasing level of TMPRSS2 or TMPRSS2(S441A). One day posttransfection, cells were reseeded into 96-well plates. At 6 h later, the cells were transduced with VSVluc-MERS S and luminescence was measured 16 h postransduction as described above.
Cell lysis and Western blot analysis. Transfected cells were dissolved on ice for 15 min with TX100 buffer (1% Triton X-100, 25 mM Tris-HCl [pH 7.4], 125 mM NaCl, 0.1% protease inhibitors, 1 mM MgCl 2 , 1 mM CaCl 2 ) and nuclei removed by centrifugation. Postnuclear supernatants were mixed 1:5 with SDS buffer (0.375 M Tris HCl [pH 6.8], 10% SDS, 6% 2-mercaptoethanol, 30% glycerol, 0.375 M Tris HCl [pH 6.8]) and heated to 95C for 5 min. A total of 30,000 cell equivalents were subjected to SDS-PAGE and proteins transferred to polyvinylidene difluoride (PVDF) membranes (Millipore). DPP4 and TMPRSS2 proteins were detected with rabbit anti-FLAG (Sigma F7425) (1:1,000) and peroxidase-conjugated goat anti-rabbit IgG (Pierce) (1:5,000). Actin was detected with anti-␤actin peroxidase (Sigma) (1:20,000). Membranes treated with ECL substrate (Pierce) were detected with FluorChem E and analyzed with Alphaview software (Protein Simple).
Statistical analyses. Statistical tests of significance were performed using the Holm-Sidak multiple Student's t test procedure.
Nucleotide sequence accession number. The complete camel DPP4 open reading frame was deposited in NCBI GenBank (accession number KJ002534).
RESULTS
Chimeric human-mouse DPP4 receptors. CD26/DPP4 is a type II integral membrane protein, organized as a homodimer, with each monomer comprising a membrane-proximal ␣/␤ hydrolase domain and a membrane-distal ␤-propeller domain (24) (Fig.  1A) . The receptor-binding domains (RBDs) of the MERS-CoV S proteins (25) bind to human blades 4 and 5 of the 8-blade ␤-propeller (26, 27) . Human blades 4 and 5 also bind extracellular adenosine deaminase (ADA) (28) , tethering this enzyme to DPP4 ϩ T cells to provide local control of adenosine levels (29) . Murine DPP4, however, does not bind ADA (28) , and murine DPP4 is indeed divergent from human DPP4 in the blade 4 and 5 region. This divergence suggests that murine DPP4 cannot bind MERS-CoV S proteins and provides an explanation for the observation that MERS-CoV does not infect murine cells (17) or mice (30, 31) .
However, murine and human DPP4s are conserved at the flanking blade 3 and 6 regions. Therefore, we reasoned that murine blades 4 and 5 could be replaced with orthologous animal blades, without perturbing the seams between the murine and animal blades. We expected that, unlike the parental murine DPP4, some chimeric DPP4s would function as MERS-CoV receptors, with the receptor functions reflecting the complete native animal DPP4s. This expectation was based on the fact that the close contacts between MERS-CoV S and human DPP4 are within the blade 4 and 5 region (17, 27) .
We obtained cDNA clones encoding C-terminal myc and FLAG-tagged mouse (Ms) and human (Hu) DPP4s and synthetic DNAs encoding Ms and Hu blades 4 and 5. Gibson assembly techniques (20) were then used to replace the Ms blades with the synthetic human DNA and to reciprocally replace Hu with Ms blades. This provided the construct designated Hu(b4 -5), with humanized amino acids 194 to 350 in the Ms DPP4 background (Fig. 1A) . The parental and chimeric DPP4s were evaluated by assessing their abilities to sensitize mouse DBT cells to MERS-CoV. Mouse DBT cells were chosen for these experiments because, unlike many human cell lines, they were completely refractory to MERS-CoV infection and thus might be rendered susceptible by receptor expression. In a first test, we challenged DPP4-transfected DBT cells with VSV pseudoparticles (22) that encode firefly luciferase (luc) and also display MERS S on their surfaces (VSVluc-MERS S). These pseudoviruses serve as surrogates of authentic MERS-CoV, with fluorescent luc (Fluc) activities after transduction being readouts of potential cell susceptibility to infection. By these assays, Hu DPP4 and the chimeric Hu(b4 -5) equally sensitized cells to transduction whereas the Ms DPP4 did not ( Fig. 1B) . Notably, the reciprocal chimeric Hu DPP4 with Ms blades 4 and 5 also did not sensitize cells to transduction (data not shown). In a second test, we challenged the DBT cell transfectants with authentic MERS-CoV and measured virus Mouse DBT cells were transfected and, after 1 day, exposed to the indicated doses of MERS S1-Fc. After 1 h at 37°C, VSVluc-MERS S was inoculated, with MERS S1-Fc concentrations remaining the same. At 16 h postransduction, luminescence values were measured and the relative transduction values were quantified. The concentration of MERS S1-Fc at the IC 50 reflects the affinity of MERS S for the DPP4 receptors. In all data sets, the error bars indicate the standard errors of the means from triplicate values. Each experiment was repeated twice. output titers by plaque assays. The HuDPP4 and Hu (b4 -5) DPP4-positive (DPP4 ϩ ) cells supported MERS-CoV infection equally well (Fig. 1C) . Thus, in these assays, the readouts from VSVluc-MERS S pseudovirus transductions paralleled the readouts from authentic MERS-CoV infections. Additionally, the human DPP4 was indistinguishable from a mouse DPP4 that contained only human blades 4 and 5.
To further compare Hu DPP4 with the Hu(b4 -5) DPP4, we measured affinities of these receptors for MERS S proteins. Coronavirus S1-Fc proteins are surrogates for authentic viral S (32), and MERS S1-Fc proteins are known to block both MERS S-mediated transduction and MERS-CoV infection (33) . To compare the affinities of the two DPP4s for viruses, we introduced graded doses of MERS S1-Fc proteins before and during VSVluc-MERS S transduction. While control N-carcinoembryonic antigen-related cell adhesion molecule (CEACAM)-Fc proteins (23) had no effect on transduction (data not shown), the S1-Fc proteins blocked transduction into Hu and Hu(b4 -5) DPP4-positive cells with equal effectiveness (Fig. 1D ). These analyses further demonstrated that the S1-Fc 50% inhibitory concentrations (IC 50 ) were ϳ10 nM for both receptors. These ϳ10 nM affinity measurements were similar to the recently reported Biacore determination of 17.6 nM affinity between human DPP4 and S1 (26) .
Chimeric animal DPP4 receptors. These results from comparisons of Hu and Hu(b4 -5) DPP4s engendered confidence that the animal blade 4 and 5 regions, placed in the Ms DPP4 context, would reflect the complete animal DPP4s, at least with respect to MERS-CoV entry. Therefore, we proceeded with additional blade 4 and 5 replacements from other animals. For this study, we focused on DPP4s from indigenous Middle East animals that are considered to be potential carriers of MERS-CoV. This included Dubai camels, from which we obtained the complete DPP4 cDNA sequence by RT-PCR and rapid amplification of cDNA ends (RACE). The camel DPP4 sequence was compared with other animal DPP4 sequences in a phylogenetic analysis (Fig. 2) . The comparisons also included Pipistrelle bats, one of ϳ20 bat genera residing in Saudi Arabia. We note, however, that Pipistrellus kuhlii is the native Saudi Arabian species, while Pipistrellus pipistrellus is the bat DPP4 that we evaluated. DPP4 blade 4 and 5 amino acid sequences from these animals diverge increasingly from those from humans in the order shown in Fig. 3 : horses, camels, goats, bats, and then mice. With respect to the 14 residues contacting S proteins at Ͻ3.6 Å ( Fig. 3 , arrows; see also reference 27), horses have 0, camels 2, goats and bats 3, and mice 5 residues diverging from those of humans. Of note, K392 in blade 6 is close to MERS-CoV S1 in the cocomplex structure (27) . While blades 4 and 5 make the key contacts, it is possible that this residue, which also differs among species, could have an additional small effect on MERS-CoV binding.
All of the chimeric DPP4s sensitized DBT cells to VSVluc-MERS S transduction but at various levels (Fig. 4A) . Human, horse, and camel receptors were similarly effective, while goat and bat conferred significantly lower susceptibilities. These trends were also identified in the results of authentic MERS-CoV infections (Fig. 4B) . These trends did not arise from relative underexpression of the goat and bat DPP4 chimeras, as assessed by Western immunoblotting (Fig. 4C) . Notably, relative to the transduction assay results, the infection assays revealed far more prominent differences in the receptors' abilities to sensitize cells (note that the Fig. 4A and B y axis scales are linear and logarithmic, respectively). This may reflect the fact that the transductions are necessarily single-cycle processes, while the 2-day infections involve multiple cycles of virus entry, release, and reentry, with each entry step being influenced by receptor abundance and affinity. Cumulative low-efficiency entry steps multiply to create greater end-stage differences in authentic MERS-CoV yields.
S protein affinities for DPP4 receptors. The cell surface receptor level and the receptor affinity for viruses both contribute to sensitize for infection (34) . Cell surface receptor levels were assessed by flow cytometry, using antibodies to the extracellular FLAG epitope tags. Consistent with the Western blot analyses (Fig. 4C) , the results (Fig. 5 ) demonstrated that all chimeric receptors were expressed similarly on surfaces, with the minor differences perhaps reflecting slight variations in the ϳ50%-efficient plasmid DNA transfections. These results indicated that the reduced susceptibilities of goat and bat DPP4 ϩ cells did not result from diminished surface expression but rather from reduced affinities for MERS-CoV. The same DPP4 ϩ transfectants, assessed in parallel for S1-Fc binding, revealed quite similar S1 associations for all of the receptors except for bat and mouse. Notably, the similar S1 associations were observed among fairly divergent receptors.
While flow cytometry results revealed some S-protein affinity differences between the animal DPP4s, they did not provide quantitative binding data, and therefore we adopted the more sensitive approach of measuring affinities via S1-Fc-mediated blockade of MERS S pseudotype transduction. To this end, animal DPP4 ϩ transfectants were incubated with serial dilutions of S1-Fc and then challenged with VSVluc-MERS S. These experiments re- vealed that the human DPP4 chimeras had the highest affinities of ϳ10 nM for S proteins, with the affinities being modestly lower for horse and camel receptors (Fig. 6 ). In four of four separate experiments, the S1-Fc affinities for Hu(b4 -5) exceeded those for Hs(b4 -5) and Cm(b4 -5) DPP4 chimeras; however, the modest differences between these S1-Fc affinities were not statistically sig-nificant. Gt(b4 -5), however, had significantly lower affinities of ϳ40 nM, while Bt(b4 -5) receptors bound so weakly with S1-Fc that an accurate affinity determination was not obtained by this method (Fig. 6 ). These quantitative data concurred with the flow cytometric determinations ( Fig. 5 ) and, in part, with DPP4 phylogenetic relationships (Fig. 2) . Role of TMPRSS2 proteases. In addition to S-binding receptors, S-cleaving proteases are principal host factors determining the efficiency of CoV entry (35) . Indeed, cell surface serine protease TMPRSS2 can augment MERS-CoV infection by up to 100-fold (18, 19) . To evaluate the role of TMPRSS2 in relation to DPP4 affinities for MERS-CoV, target cells were transfected with DNAs encoding both DPP4 and TMPRSS2 or with DPP4 and the control, catalytically inactive TMPRSS2 (S441A) (36) . The catalytically inactive S441A TMPRSS2 DNA was indistinguishable from empty vector DNA and had no effect on subsequent MERS S-mediated transductions (data not shown). However, relative to the S441A mutant control conditions, TMPRSS2 significantly promoted MERS S-mediated transduction into all of the DPP4 ϩ cells, except those expressing mouse DPP4 (Fig. 7A ). We noted a trend in which transduction into cells with relatively low-affinity receptors [Bt(b4 -5) and Gt(b4 -5)] was augmented by TMPRSS2 more substantially than the corresponding transductions into cells with higher-affinity receptors. Specifically, transduction into Bt(b4 -5) and Gt(b4 -5) receptor-positive cells was augmented by wild-type (WT) TMPRSS2 ϳ3.6 times more than the corresponding transduction into Cm(b4 -5), Hs(b4 -5), and Hu(b4 -5) DPP4 ϩ cells. These intriguing findings demanded further investigation by TMPRSS2 titration. In the context of the far less adhesive Bt(b4 -5) DPP4, TMPRSS2 stimulated virus entry approximately 10-fold (from ϳ2-fold to ϳ20-fold above background levels), while the level of TMPRSS2 stimulation showed a less pronounced ϳ5-fold increase in the human DPP4 context (Fig. 7B) . These were statistically significant differences as assessed by Student's t test. Notably, by Western blotting, we detected relatively constant DPP4 levels with increasing TMPRSS2 levels (Fig. 7B, bottom  panels) . TMPRSS2 was not readily detectable by Western blotting at the plasmid input doses used (data not shown). However, as it is known that the presence of TMPRSS2 results in proteolysis of the DPP4 chimeras, incubated with the indicated concentrations of MERS S1-Fc for 1 h at 37°C, and transduced with VSVluc-MERS-S. Luminescence values were measured 16 h later. Data were normalized to transduction in the absence of S1-Fc. The concentrations of S1-Fc at each IC 50 reflect the affinities of MERS spikes for the different DPP4 receptors. The experiment was repeated four times with similar results. Error bars indicate the standard errors of the means from triplicate values. Student's t tests were used to assess the significance of differences between human and animal DPP4 data; n.s. ϭ not significant. SARS-CoV receptor, angiotensin converting enzyme 2 (21) , and augments SARS pseudovirus entry (37), we further investigated DPP4 proteolysis at higher TMPRSS2 levels and in human 293 cells. In these experiments, human DPP4 levels clearly diminished with increasing TMPRSS2 levels, in similarity to the results seen with the receptor for SARS-CoV, but only at supraphysiological TMPRSS2 levels (Fig. 7C ). In sum, the main conclusion from these studies involving TMPRSS2, one of the principal MERS-CoV-activating proteases, is that cells bearing receptors with low affinities for MERS-CoV are rendered far more susceptible to infection when the appropriate proteolytic environments are in place.
DISCUSSION

MERS-CoV preferentially infected cells expressing human DPP4
, and its S1 domain bound to human DPP4 with higher affinity than to any of the other orthologous animal DPP4s. Thus, it is possible that the MERS-CoVs (2012 and 2013 isolates), even with their limited residence in human hosts, are modestly "human adapted." We suggest that the proximal source of the human-adapted MERS-CoV includes animals whose DPP4 proteins bind to MERS-CoV at near-human levels of DPP4 affinity. These animals are likely to maintain a MERS-CoV population that includes variants with relatively high affinities for human receptors that thus become the founders that intrude into the human population.
Our results suggest that camels and horses can harbor these human founder viruses. Goats and bats may be less prominent hosts for "human" MERS-CoVs, as their DPP4s are less adherent to the human MERS-CoV. However, a very recent report documenting the susceptibility of two goat cell lines to MERS-CoV (38) makes it clear that goats cannot be excluded from the roster of animals potentially transmitting the virus to humans. Definitive exclusion from the MERS-CoV transmission processes applies to mice and also to ferrets, as a recent publication demonstrated that ferret DPP4 did not bind MERS S1 or support MERS-CoV infection (39) . Quite likely, there are several mammals entirely refractory to MERS-CoV binding and thus resistant to infection.
The affinity of the MERS-CoV S RBD for human DPP4 is ϳ17 nM (26) . This value is ϳ10 times lower than that of the SARS-CoV S RBD for human ACE2 (40) . These findings suggest that the MERS-CoV could further adapt to the human DPP4, in the same ways that SARS-CoV adapted to humans. Indeed, the presumed animal precursors of human SARS-CoVs have affinities for ACE2 in the ϳ20 to ϳ100 nM range (40) , and the higher ϳ2 nM affinities of human-adapted SARS-CoV are considered to be central contributors to epidemic potential (41, 42) . Thus, careful monitoring of human and animal MERS-like CoV spike RBD changes is critical for assessing the likelihood of epidemic spread.
It is notable, however, that there appears to be limited diversity in human MERS-CoVs. Nearly identical MERS-CoVs have appar- or catalytically inactive (S441A) TMPRSS2 plasmids at 1:0.1 DPP4/TMPRSS2 DNA ratios. After 1 day, cell subsets were transduced with VSVluc-MERS-S, and luciferase values were determined 16 h later. (B) DBT cells were transfected with Hu(b4 -5) or Bt(b4 -5) DPP4 chimeras, in conjunction with increasing amounts of wild-type (WT) or catalytically inactive (S441A) TMPRSS2 plasmids. After 1 day, cell subsets were transduced with VSVluc-MERS-S, and luciferase values were determined 16 h later. The dotted line designates the basal level of transduction into MsDPP4-transfected cells. Holm-Sidak Student's t tests were used to reveal the significance of the relative differences between transduction levels in the presence of S441A and WT TMPRs; P values are indicated. To obtain the images beneath the graph, the luciferase-containing lysates were subjected to electrophoresis and the DPP4 and actin proteins visualized by Western blotting. (C) 293 cells were transfected with HuDPP4 (1 g) in conjunction with the indicated TMPRSS2 doses. After 1 day, the HuDPP4, TMPR, and actin proteins in cell lysates were visualized by Western blotting. The uncleaved (inactive) TMPRSS2 zymogen has a molecular mass of ϳ60 kDa, and proteolytically active (WT) TMPRSS2 has a molecular mass of ϳ25 kDa. ently transmitted from animal to human on more than one occasion and in more than one geographic location (15) . This observation is most consistent with the notion that a single animal species, harboring MERS-CoV populations of restricted genomic diversity, served as the reservoir for all human transmission thus far. Furthermore, once in humans, while there is evidence of some genetic drift, there are no changes in the MERS-CoV spike RBDs (15) . Even in virus isolates from patients with comorbidities that impaired antiviral immune responses, and in whom virus might be expected to persist, there is no evidence for changes in the MERS-CoV S RBD. While this apparent genetic stability may simply reflect the small number of human infections and the limited analysis of virus isolates, it is also possible that there is little selective force for change at the level of virus-receptor binding.
A genetically stable MERS-CoV RBD suggests that binding affinity to the DPP4 receptor may not be the most critical factor for adaptation to new species. MERS-CoV may have stably adapted to an affinity range (ϳ10 to ϳ20 nM) that allows relatively similar levels of strength of binding to many different animal DPP4s, i.e., human, camel, and horse, and consequent facile transfer between species. This affinity range, however, makes MERS-CoV considerably less adherent than human SARS-CoV for its human ACE2 receptors. It is possible that affinity requirements relate to virus entry events following receptor binding. For SARS-CoV, endocytosis typically precedes S protein proteolysis and tethering of virus to cells via S protein fusion machinery (43, 44) . A durable virusreceptor connection may therefore be necessary to maintain SARS-CoV on cells throughout endocytosis or at least until its S proteins refold into "fusion-intermediate" forms that directly connect the viral and cellular membranes in a receptor-independent fashion. In contrast, MERS-CoV appears to more rapidly adopt the fusion-intermediate, membrane-tethering forms at the target cell plasma membrane and thus may not require such longlasting association with receptors. This notion is supported by the fact that, unlike SARS-CoV (45), MERS-CoV infection is quite sensitive to a membrane-impermeant inhibitory peptide that targets the fusion intermediate forms (46) . Additionally, MERS-CoV infection is remarkably increased by TMPRSS2, a cell surface protease that quite likely cleaves and exposes S protein fusion machinery immediately after receptor binding (19) . Our results show that the weakly adhesive goat and bat DPP4s were especially assisted by TMPRSS2 ( Fig. 7A and B ), suggesting that a low-affinity receptor can sensitize cells to infection as long as there are protease cofactors available to cleave viral spikes and permit their transitions into membrane fusion-active conformations.
While no MERS-CoV RBD mutations have been detected, adaptations in its membrane fusion machinery have been repeatedly observed (15, 30) . With the caveat that the data on MERS-CoV diversity are quite limited, we suggest that the selective forces in MERS-CoV are at the level beyond RBD interaction and that the MERS-CoV has adapted to a more immediate cell surface proteolysis which does not demand this sort of stable association with receptors. Indeed, high-affinity receptor interaction may not be a requisite feature of all CoV infections. More relevant to infection may be the host cell proteases and the fusion activation process. These views are consistent with previous hypotheses proposing that enveloped virus-receptor affinities adapt to the minimum levels sufficient to allow for the next membrane fusion stage (34) .
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